In the human inflammatory myopathies (polymyositis and dermatomyositis), the early, widespread appearance of MHC class I on the surface of muscle cells and the occurrence of certain myositisspecific autoantibodies are striking features. We have used a controllable muscle-specific promoter system to up-regulate MHC class I in the skeletal muscles of young mice. These mice develop clinical, biochemical, histological, and immunological features very similar to human myositis. The disease is inflammatory, limited to skeletal muscles, self-sustaining, more severe in females, and often accompanied by autoantibodies, including, in some mice, autoantibodies to histidyl-tRNA synthetase, the most common specificity found in the spontaneous human disease, anti-Jo-1. This model suggests that an autoimmune disease may unfold in a highly specific pattern as the consequence of an apparently nonspecific event-the sustained up-regulation of MHC class I in a tissue-and that the specificity of the autoantibodies derives not from the specificity of the stimulus, but from the context, location, and probably the duration of the stimulus. This model further suggests that the presumed order of events as an autoimmune disease develops needs to be reconsidered.
I
n many autoimmune diseases, not only is the inflammatory destruction limited to particular target cells, but the associated autoantibodies are often highly disease specific. In myositis, for example, muscle cells are the target, and the autoantibodies against aminoacyl-tRNA synthetases, the signal recognition particle, or the Mi-2 nuclear protein (which are components of all cells) that occur in a significant proportion of cases are highly specific for myositis (1) . In primary biliary cirrhosis, the inflammation affects intrahepatic biliary ducts, and the associated antimitochondrial autoantibodies, directed against the pyruvate dehydrogenase complex, occur in most cases and only rarely in other diseases (2) . Such tight relationships naturally have fostered the view that a specific inciting agent is responsible for both the target cell injury and the autoantibodies. It has been generally assumed that the high specificity of target tissue damage and disease-specific autoantibodies derive from the structure of the inciting agent, but direct evidence for such a model has been sparse. Although much evidence suggests a role for inciting environmental agents as well as genetic factors in the development of autoimmune diseases, there are few, if any, persuasive examples connecting particular inciting agents to the later immunopathogenetic events (3), and although crossreactivity with an inciting antigen would provide a convenient explanation for the breaking of tolerance, some carefully studied cases suggest that the endogenous target protein rather than a foreign antigen drives the autoantibody response (4) .
The overexpression of MHC class I molecules is an early event in many autoimmune diseases, particularly in tissues which, like muscle, pancreatic ␤ cells, and thyroid, have low or absent constitutive expression (5) (6) (7) . The overexpression can occur in the absence of an inflammatory infiltrate, suggesting that it may be independent of and precede the effects of cytokines released from infiltrating mononuclear cells. Transgenic overexpression of MHC class I in several tissues has resulted in the destruction of the target tissue leading to insulin-dependent diabetes, a shivering phenotype with severe demyelination of the central nervous system, and Graves' disease in the absence of lymphocyte infiltration (8) (9) (10) . In these mice, the transgenic MHC class I expression was driven by the respective tissue-specific promoters during the development of immune system in utero, with uncertain effects on tolerance. In a recently described mouse illness strongly resembling rheumatoid arthritis, the disease is genetically determined, both T and B cells are required, and an apparently driving antigen has been identified, but the reason that the inflammation is confined to the joints is not yet clear (11) (12) (13) . Furthermore, in none of these models have the autoantibodies characteristic of the corresponding human disease been described. In another set of models of autoimmunity, such as knockout of transforming growth factor ␤ (TGF-␤) apoptosis inhibition, or graft-versus-host disease, generalized dysregulation of immunity leads to widespread inflammation and considerable nonspecific humoral autoimmunity (14) (15) (16) .
In the human idiopathic inflammatory myopathies, the early, widespread appearance of MHC class I on the surface of muscle cells, even distant from lymphocytic infiltration, is a striking feature (17) . Skeletal muscle cells do not constitutively express or display MHC class I molecules, although they can be induced to do so by proinflammatory cytokines such as IFN-␥ and tumor necrosis factor ␣ (18). The presence of proinflammatory cytokines in the affected tissue is inconstant (19, 20) and appears to be inadequate to account for the up-regulation. Because many events can up-regulate MHC class I on cell surfaces, we considered the possibility that the prolonged expression of MHC class I on the surface of muscle cells could itself be the inciting event of myositis, independent of a specific inciting stimulus. To avoid the possible effects of MHC class I on fetal development This paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. and present it to animals with a mature immune system, we used tetracycline regulation to control its expression. fragment (Ϸ6.0 kb) was released by EcoRI-HindIII digest, gel-purified, and resuspended in the injection buffer (10 mmol͞liter Tris⅐HCl, pH 7.4͞0.1 mmol͞ liter EDTA). Founder mice (C57BL͞6) carrying the TRE-H-2K b transgene (Hϩ) were identified by Southern hybridization analysis of tail DNA using a 440-bp TRE fragment as a probe (not shown). Generation of muscle-specific creatine kinase (MCK)-tTA mice (CBA͞Ca X C57BL͞6) was described (22) . F 6 MCK-tTA (backcrosses to C57BL͞6) mice were crossed to Hϩ mice.
Materials and Methods
Animals transgenic for both a transactivator (tTA) under the control of a muscle creatine kinase promoter and the TRE-H-2K b were detected by Southern analysis using both tTA and TRE probes. All Hϩ Tϩ mice were maintained either on s.c. implanted slow release (700 g͞day) doxycycline pellets (Innovative Research of America, Toledo, OH) or doxycycline hydrochloride (200 g͞ml) (Sigma) dissolved in 2% sucrose supplied as drinking water. Pellets with 21-day and 90-day release were used for the experiments. Doxycycline was withdrawn from some of the Hϩ Tϩ mice after 4 weeks whereas others were maintained on slow release doxycycline pellets for 1, 3, or 6 months. Hϩ Tϩ mice are fertile.
Total RNA from skeletal muscle was isolated by using Trizol reagent (Life Technologies, Grand Island, NY). The probe for hybridization was generated by PCR [H-2K b -exon 3: 5Ј tctctttcagtttggaggagt͞5Ј ccgcggcccctgcacctgtgcgca (366 bp)] and 32 Plabeled by random priming. This probe detects both endogenous and transgenic H-2K b . The membranes were hybridized overnight at 42°C in Hybrizol I (Intergen, Purchase, NY), washed, exposed to a PhosphorImager screen, and analyzed by a PhosphorImaging system (Molecular Dynamics).
The following probes were used for Northern blot analysis of skeletal muscle mRNA: endogenous H-2K b -specific probe, an Ϸ600-bp fragment upstream from the ATG of the H-2K b gene which is not present in the transgenic H-2K b , detects only endogenous H-2K b message. The probe for intercellular adhesion molecule-1 (ICAM-1) was generated by PCR with primer pairs 5Ј tccgtctgcaggtcatcttagg͞5Јgtcgaaggtggttcttctgagc (292 bp) and ␤-actin probe (CLONTECH) was used as RNA loading control. The RNase protection assay was performed by using custom-made cytokine multiprobe template sets (set 1: granulocyte͞macrophage colony-stimulating factor, IL-15, TGF-␤1; set 2: tumor necrosis factor ␣, IL-1␣, IL-1␤, TGF-␤1, and IL-6) and a commercial chemokine multiprobe template set [mCK-5: lymphotactin (Ltn), RANTES, Eotaxin, macrophage inflammatory protein-1␤ (MIP-1␤), MIP-1␣, MIP-2, IP-10, monocyte chemotactic protein-1 (MCP-1), T cell activation gene-3 (TCA-3) according to the manufacturer's instructions (PharMingen). Housekeeping genes L32 and glyceraldehyde-3-phosphate dehydrogenase were included in each set.
Phenotype of Transgenic Mice. Locomotor activity was tested in pairs of mice at 3.5 months after the induction of transgene in an open field Digiscan apparatus (Omnitech Electronics, Columbus, OH); total distance and vertical activity were recorded every 10 min for a 1-h session. Ten pairs were monitored 6-8 times over a period of 2 weeks, and the results were calculated as means Ϯ SE of all recordings. Serum creatine phosphokinase (CK) and glutamic-oxaloacetic transaminase levels (n ϭ 8 per group) were measured on fresh serum samples by using a Hitachi 917 analyzer and reagents from Boehringer Mannheim. Statistical analyses were performed by using the one-way ANOVA test and t test with the SIGMAPLOT 3.0 program. All procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Immunohistochemistry. Tissues were snap-frozen in isopentane chilled in liquid nitrogen, cut in 8-m sections, and processed for immunohistochemistry. Sections were incubated with 10 g͞ml FITC-conjugated anti-H-2K b mAb (PharMingen, clone AF6-88.5) followed by rabbit anti-FITC antibody and then goat anti-rabbit-horseradish peroxidase (Dako). The slides were developed by diaminobenzidine substrate and tissues were counterstained briefly with hematoxylin before mounting. We used monocyte macrophage-2 (MOMA-2) antibody to detect cells of the monocyte͞macrophage lineage. Anti-ICAM-1 and anti-I-A b antibodies (PharMingen) were used to determine the activation status of the infiltrated macrophages.
Immunofluorescence and ELISA for Autoantibodies. For the detection of autoantibodies, test serum samples along with positive and negative controls at 1:40 dilution were incubated for 2 h at room temperature with Hep2 cells according to standard clinical procedures. The slides then were incubated for another 2 h with FITC-conjugated anti-mouse IgG (Fc specific: 1:20 dilution). The slides were rinsed, mounted, and observed by fluorescence microscopy. To detect antibodies to histidyl-tRNA synthetase (HRS), we used an ELISA assay in which HPLC-purified, recombinant human HRS was the antigen (23) . Statistical analyses were performed by t test with the SIGMAPLOT 3.0 program.
Results
Controlled Up-Regulation of MHC Class I. To develop a model in which we could control both the time and location of the expression of MHC class I, we generated founder mice (C57BL͞6) that have TRE-H-2K b stably integrated in the germ line (Fig. 1A) . These target mice were crossed with mice that stably express the tetracycline-controlled tTA in skeletal muscle by means of a MCK promoter (MCK-tTA) (22) . The inducible system is operable only in mice having both transgenes [TRE-H-2K b (Hϩ)͞MCK-tTA (Tϩ)]. In Hϩ Tϩ mice, the binding of doxycycline, a tetracycline analog, to tTA prevents the transactivator from binding to the TRE region, thereby preventing target gene expression (Fig. 1 A) . Thus, the transgenic H-2K b expression can be induced by removing doxycycline and suppressed by administering it.
When the H-2K b transgene was allowed to express in utero, no Hϩ Tϩ mice were identified among the progeny. However, Hϩ Tϩ mice were identified among live 18-day embryos, suggesting that the H-2K b expression in skeletal muscle may be associated with parturition problems. In fact, several mummified Hϩ Tϩ fetuses were found retained in the uterus. The finding was not surprising because it had been previously shown that overexpression of the H-2K b transgene under the control of a housekeeping promoter resulted in fetal loss (24) . In the experiments reported here, all female single transgenic mice used for breeding were administered slow-releasing s.c. doxycycline pellets to suppress H-2K b expression in the pups in utero. Under these conditions, Hϩ Tϩ mice were born at the expected Mendelian ratio. After weaning, all of the pups were maintained on doxycycline water until genotyping by Southern blotting at 4 weeks of age (Fig. 1B) . Single transgenic pups born to the doxycycline-administered mothers were phenotypically and histologically normal. Single transgenic mice showed normal growth and are fertile. After genotyping, doxycycline water was removed from some Hϩ Tϩ mice to allow the induction of the H-2K (Fig. 1C) .
Clinical, Biochemical, and Pathological Changes. Female Hϩ Tϩ mice developed clinical signs of muscle weakness at about 3 months of age (2 months after transgene induction). The symptoms, which included arched spine, as well as lower back and hind limb weakness and wasting, become severe by 5-7 months of age ( Fig. 2A) . At 6 months of age, female Hϩ Tϩ mice had a 40-50% reduction in body weight compared with the sex-matched Hϩ or Tϩ transgenic littermates. Significantly reduced locomotor activity in an open field was registered as early as 1 month after doxycycline removal and was striking by 5-7 months of age (Fig.  2B ). It was accompanied by increased serum levels of creatine kinase and glutamic-oxaloacetic transaminase, indicating ongoing muscle parenchymal damage (Fig. 2C) . Interestingly, male Hϩ Tϩ mice remained free of clinical symptoms and other abnormalities up to 5 months of age, but they all developed clinical symptoms after 7 months of age. No rashes were seen in any Hϩ Tϩ mice.
In the initial stages of gene expression (age 1.5 months), most of the muscle fibers remained normal (Fig. 3A) . By 3.5 months, the skeletal muscles were distinctly abnormal with centralized nuclei, muscle fiber degeneration, and macrophage infiltration (Fig. 3B) , and by 5.5 months, there was profound structural damage (Fig. 3C) . The skeletal muscles of the Hϩ Tϩ mice at 5.5 months showed centralized nuclei, significant variation in muscle fiber diameter, muscle fiber degeneration and regeneration, atrophy, obliteration of the striations of the contractile apparatus, mononuclear cell infiltration, and the invasion of some muscle fibers by phagocytes (Fig. 3C) . The skeletal muscle from 5.5-month-old single transgenic (Tϩ or Hϩ) mice was unremarkable (Fig. 3D) .
Immunohistochemical studies revealed reactivity for H-2K b in many muscle fibers of Hϩ Tϩ mice. Staining was particularly strong in degenerating and regenerating muscle fibers (Fig. 4B) . Several muscle fibers also showed strong reactivity to anti-ICAM-1 antibody (Fig. 4D) , indicating the activation of other endogenous genes, typically up-regulated during muscle inflammation. By 5.5 months, the infiltrate was mostly of the macrophage͞monocyte lineage (Fig. 4F) . The infiltrating mononuclear cells also strongly stained positive for I-A b (Fig. 4H) and ICAM-1 (data not shown), suggesting some of these cells may be of dendritic cell lineage. Muscle tissues from single transgenic littermates showed no reactivity for H-2K b , I-A b , and ICAM-1. Occasional CD3 ϩ T cells (less than 1%) were present on immunohistochemical analysis, but heavy lymphocyte infiltration was not observed. No abnormalities were found in the heart, liver, kidney, lung, skin, or spleen. Mice carrying either transgene alone showed no pathologic abnormalities. In particular, no muscle fiber degeneration was observed in Tϩ mice, indicating that tTA expression in muscle was not responsible for the changes (Fig. 3D) . The data suggest that the inflammatory changes in the Hϩ Tϩ mice were accompanied by the appearance in the affected muscles of other molecules typically found to be up-regulated in the human disease (20, 25) . An increased level of expression of endogenous H-2K b , and ICAM-1 on muscle fibers accompanied the up-regulation of the transgenic H-2K b (Fig. 6C, lane 2) . Furthermore, mRNAs for the chemo- More strikingly, however, the sera of some Hϩ Tϩ mice caused cytoplasmic staining condensed around the nucleus, which diminished toward the periphery of the cell (Fig. 5) . This pattern is indistinguishable from the pattern of immunofluorescent cytoplasmic staining observed in the sera from patients with known autoantibodies to HRS or other anti-aminoacyl-tRNA synthetases. By using an ELISA assay in which purified recombinant human HRS was the antigen (23), elevated levels of autoantibodies to this known myositis-specific target autoantigen were detected in 8 of 23 Hϩ Tϩ mice, including both of the mice whose sera gave the fine cytoplasmic immunofluorescent pattern, but in none of 20 controls. Significantly elevated levels were observed in some double transgenic mice. In a comparison of anti-HRS titers tested at a 1:100 dilution, there was no difference between control mice (single transgenic Hϩ or Tϩ or nontransgenic) and double transgenic anti-HRS ELISAnegative mice (0.25 Ϯ 0.02 vs. 0.27 Ϯ 0.03; P ϭ ns), but double transgenic anti-HRS ELISA-positive mice were clearly higher (0.25 Ϯ 0.02 vs. 0.6 Ϯ 0.24; P Ͻ 0.0001). We further confirmed the specificity of the ELISA-positive antibodies by Western blotting of sera against the purified human recombinant HRS antigen. Sera from ELISA-positive mice but not from control mice reacted with a Ϸ55-kDa band corresponding to the purified HRS (data not shown). The levels of serum muscle enzymes (creatine phosphokinase or glutamic-oxaloacetic transaminase) did not correlate with the anti-HRS antibody titers.
Failure to Reverse Disease. In an attempt to down-regulate expression of the transgene, we readministered doxycycline to Hϩ Tϩ mice at 4 months of age, after the establishment of clinical, pathological, and biochemical disease and kept them on the drug for the next 5 months. There was negligible histological or clinical improvement (Fig. 6 A and B) , and the level of endogenous H-2K b expression remained high, as did the expression of ICAM-1 (Fig. 6C, lane 3) . We also looked for various cytokines and chemokines that are up-regulated in human myositis biopsies. We found that MIP1-␣, MCP-1, and IL-15 are specifically detected in the double transgenic mice. TGF-␤1, TGF-␤2, IL-6, MIP-1␤, and IP-10 were detected in both single and double transgenic mice. We could not detect granulocyte͞macrophage colony-stimulating factor, tumor necrosis factor type ␣ (TNF-␣), IL-1␣, IL-1␤, Ltn, RANTES, Eotaxin, MIP-2, or TCA-3 in the muscle tissues of either single or double transgenic mice. The up-regulated endogenous molecules and the proinflammatory chemokines and cytokines synthesized in the milieu presumably sustained the disease process.
Thus, the overexpression of MHC class I molecules alone in skeletal muscle led to a self-sustaining inflammatory process involving muscle fiber damage and infiltration of mononuclear cells with most of the characteristic features of the human idiopathic inflammatory myopathy, polymyositis, including the development of myositis-specific autoantibodies.
Discussion
Because a major immunological role of MHC molecules is the presentation of antigens to the immune system, it might be expected that they could have an important role in provoking autoimmune diseases. Each tissue or even each cell type is likely to have its own way of defending itself against autoimmune attack. Muscle, brain, eye, testes, and even islets, with their limited regenerative power, may use pathways that are especially suited to their circumstances (26) . For example, it is known that muscle, besides expressing little or no MHC class I, constitutively expresses TGF-␤, and that myocytes are very resistant to apoptosis (27) (28) (29) (30) (31) , apparently through the up-regulation of antiapoptotic molecules when under an apoptotic threat (32) . Although it is possible that the initiation of muscle fiber damage seen in this model results from other deleterious effects of the aberrant expression of MHC class I, as was considered in the earlier observations on pancreatic ␤ cells, oligodendrocytes, and thyrocytes (8) (9) (10) , the events that follow clearly reflect an immunological process.
The route leading from the expression of the transgenic H-2K b to the anti-HRS autoantibodies remains a matter for speculation, raising the same questions common to all discussion of the breaking of tolerance in the periphery. The conditions we observed in the Hϩ Tϩ mice with up-regulated H-2K b would allow several of the proposed mechanisms to operate. Human skeletal muscle myoblasts stimulated by cytokines to express MHC class I, class II, and ICAM-1 can effectively present antigens to autologous, antigenspecific CD4 ϩ T cell lines (33); muscle cells can transfer antigens to professional antigen-presenting cells (34) ; and activated professional antigen-presenting cells can themselves take up endogenous antigens by endocytosis or pinocytosis for presentation. In the affected muscles of Hϩ Tϩ mice, muscle cells expressing MHC class I and ICAM-1 and mononuclear phagocytes expressing MOMA2ϩ, and MHC class IIϩ are present in close proximity. The reasons why a ubiquitous antigen such as HRS is particularly the target of a humoral autoimmune response in humans with myositis and in these mice are not clear, but it is possible that HRS liberated from degenerating muscle cells contributes additional chemokine or cytokine activity, such as has been described for human tyrosyltRNA synthetase (35) .
Because all Hϩ Tϩ animals induced to express the H-2K b transgene develop clinical illness, but not all have measurable anti-HRS, it is unlikely that the antibodies have a direct pathogenic role. In general, there is little evidence that autoantibodies against obligatory intracellular components have such a role, except in those unusual cases in which the antigen can be shown to appear on cell surfaces (36) . It is of considerable interest that in both dermatomyositis, an illness in which vascular damage and inflammation are dominant, and polymyositis, an illness in which CD8 ϩ lymphocyte-induced cytotoxic injury to muscle cells is dominant (17, (37) (38) (39) (40) (41) (42) , anti-HRS antibodies can occur, suggesting that some common event (for example, the up-regulation of MHC class I) is responsible, as in the disease described here. The pathogenic processes in dermatomyositis are humorally mediated and centered primarily on vessels, with little evidence of lymphocytes invading nonnecrotic muscle fibers. Microangiopathy leading to a net reduction in number of capillaries per muscle fiber is an early sign and precedes the inflammatory process and muscle damage (37) . Ischemic involvement of larger intramuscular blood vessels is probably responsible for perifascicular atrophy. We could not detect any overt perivascular inflammation or perifascicular atrophy in the muscles in this model, confirming that it more closely resembles polymyositis.
Epidemiological study of the events preceding the onset of clinical myositis (43) and attempts to find a persistent inciting virus (3) have failed to point to a specific pathway or a specific inciting agent for the disease. The results here suggest that no single starting point would be anticipated, even in a group of patients sharing a common clinical phenotype and diseasespecific autoantibody such as anti-Jo-1 (44) .
In experimental systems, a number of different events as diverse as denervation, cytokine or chemokine stimulation, and viral infection can lead to transient changes in the expression of MHC on the surface of muscle cells. Because antecedent infection or muscle injury are not usually followed by sustained myositis, one may speculate that only prolonged up-regulation of MHC class I, perhaps only in individuals with certain genetic backgrounds, is needed to provoke self-sustained inflammation.
The disease in Hϩ Tϩ mice could not be reversed by readministering doxycycline after the onset of clinical disease, probably because of the activation of transgene-independent genes such as endogenous H-2K b , ICAM-1, and the proinflammatory MIP-1␣, MCP-1, and IL-15. It is likely that the process is sustained by the presence of MIP-1␣, which can up-regulate MHC class I on human skeletal muscle cells (18) , and of MCP-1 (45) and IL-15, which can attract and activate macrophages and T cells (46) .
Lymphocytic infiltration is thought to be important in the pathogenesis of the human disease. In support of this view are the very common finding of lymphocytes in biopsies (47) , the close approximation of lymphocytes to muscle cells in myositis (48) , and the response of the clinical illness to glucocorticoids and other anti-inflammatory agents. On the other hand, lymphocytes are absent in some biopsies; some of the changes in muscle cells, such as the up-regulation of MHC class I, occur away from lymphocytic infiltration (17) ; and the response to inflammatory drugs, even large doses of glucocorticoids, is often unsatisfactory. This transgenic mouse model seems to resemble the latter group of patients. This model suggests that the presumed order of events as an autoimmune disease develops needs to be reconsidered. In particular, an autoimmune disease may unfold in a highly specific pattern as the consequence of an apparently nonspecific event.
The sustained up-regulation of MHC class I in a tissue, and the specificity of the autoantibodies may derive not from the specificity of the stimulus, but from its context, location, and probably its duration.
